Introduction {#Sec1}
============

Although considerable advances have been made in technologies for diagnosis and treatment of cancer, the 5-year survival rate of patients with pancreatic cancer is still less than 10% \[[@CR1], [@CR2]\]. Pancreatic cancer cells exhibit high metastatic ability and resistance to antitumor drugs \[[@CR2]\]. *KRAS* mutations, which are found in over 90% of pancreatic cancer cases, are considered to be a driver of the tumorigenesis in pancreatic cancer \[[@CR3], [@CR4]\]. In addition, deletions or inactivating mutations in several genes, including *CDKN2A*, *TP53*, and *SMAD4*, are frequently observed in advanced pancreatic cancer \[[@CR3], [@CR4]\]. Although the accumulation of these gene alterations contributes to development of pancreatic cancer, some other mechanisms, including the effects of tumor microenvironment on cancer cells, are thought to be involved in the acquisition of high malignant potential of pancreatic cancer cells.

Tumor microenvironment consists of cancer cells as well as various other types of cells in the tumor stroma, including fibroblasts, immune cells, and cells that comprise the blood vessels \[[@CR5]\]. In addition, tumor microenvironment includes the proteins that are produced by these cells and support the growth of cancer cells, such as extracellular matrix (ECM) proteins \[[@CR6]\]. The interactions between cancer cells and stromal cells have been considered important for cancer progression \[[@CR5]--[@CR7]\]. Abundant stroma, which is a histological hallmark of pancreatic cancer, contributes to the production of growth factors, secretion of ECM proteins, and the activation of fibroblasts \[[@CR2], [@CR8]\]. Tumor-promoting roles of the pancreatic tumor microenvironment have previously been reported. Fibroblasts stimulate the invasion and proliferation of cancer cells through the action of growth factors \[[@CR9]\]. Co-injection of pancreatic cancer cells with pancreatic stellate cells has been reported to enhance their tumor-forming ability in vivo \[[@CR10], [@CR11]\]. In addition, the immune response to cancer cells is suppressed in the pancreatic tumor microenvironment by the infiltration of regulatory T cells \[[@CR2]\]. Since ECM inhibits the delivery of antitumor drugs, the tumor stroma is thought to be a therapeutic target for cancer \[[@CR2], [@CR12]\]. However, recent studies using genetically engineered mouse tumor models have also demonstrated a tumor-suppressive role of the pancreatic microenvironment \[[@CR13], [@CR14]\]. Thus, the roles of tumor microenvironment in pancreatic cancer are complicated and still remain controversial.

To investigate the interactions between cancer cells and stromal cells, co-culture assays have been frequently used \[[@CR9]\]. Recently, the usefulness of orthotopic tumor models have been recognized, because tumor microenvironments affect the properties of cancer cells, and orthotopic tumor models mimic the effects of tumor microenvironments more effectively than ectopic transplantation models. However, only a few studies have shown how interactions among cancer cells and different tissue microenvironments in vivo affect the properties of cancer cells. In this study, we compared the characteristics of cancer cells growing in different tumor microenvironments. In addition, the mechanisms by which pancreatic cancer cells gain highly malignant characteristics in the pancreatic tumor microenvironment were investigated.

Results {#Sec2}
=======

Monitoring pancreatic cancer progression in different tumor microenvironments {#Sec3}
-----------------------------------------------------------------------------

We first compared the pancreatic cancer progression in two different mouse tumor models. Human pancreatic cancer SUIT-2 cells, constitutively expressing firefly luciferase and green fluorescent protein (GFP), were ectopically inoculated into subcutaneous tissues (subcutaneous tumor model) or orthotopically into pancreatic tissues (orthotopic tumor model) in BALB/c-*nu/nu* mice. Although in vivo bioluminescence imaging revealed formation of primary tumors in both models, peritoneal dissemination was observed only in the orthotopic tumor model (Fig. [1a](#Fig1){ref-type="fig"}). Similar results were obtained in mouse tumor models with human pancreatic cancer Panc-1 cells (Fig. [1b](#Fig1){ref-type="fig"}). Primary tumors were observed in all mice in the orthotopic tumor model of Panc-1 cells, whereas not all mice developed primary tumors in the subcutaneous model of Panc-1 cells. In addition, liver metastasis and peritoneal dissemination were observed in some mice in the orthotopic tumor model with Panc-1 cells (Fig. [1b](#Fig1){ref-type="fig"}). Histological examination revealed that dermal tissue was located next to the inoculated cancer cells in the subcutaneous tumor model with SUIT-2 cells, while cancer cells in pancreatic tissue were close to normal pancreatic acinar cells in the orthotopic tumor model with SUIT-2 cells (Fig. [1c](#Fig1){ref-type="fig"}). Although the histological features were distinct between the two models, the proportion of Azan-positive areas did not apparently differ between the two tumor models (Fig. [1c](#Fig1){ref-type="fig"}). These observations suggested that interactions between cancer cells and surrounding stromal cells were activated in both tumor models.Fig. 1Effects of the tumor microenvironment on tumor progression in pancreatic cancer cells. **a** Time-course analysis of mouse tumor models of SUIT-2 cells. An equal number of SUIT-2 cells was inoculated into subcutaneous tissue (subcutaneous tumor model; top left) or the pancreas (orthotopic tumor model; bottom left). Tumor progression was monitored using in vivo bioluminescence imaging. After the mice were killed, incidence of primary tumor formation and metastasis was confirmed by autopsy. The signal area (top right) and incidence (bottom right) of primary tumor formation and peritoneal dissemination at 35 d after inoculation are shown. **b** Analysis of the mouse tumor models of Panc-1 cells. An equal number of Panc-1 cells was inoculated into subcutaneous tissue (subcutaneous tumor model) or the pancreas (orthotopic tumor model; left). Tumor progression was monitored using in vivo bioluminescence imaging 105 d after inoculation. After the mice were killed, incidence of primary tumor formation and metastasis was confirmed by autopsy. The signal area in the primary tumor (top right) and the incidence of the primary tumor, liver metastasis, and peritoneal dissemination (bottom right) are shown. **c** Primary tumors were subjected to hematoxylin--eosin (HE) staining and Azan staining. Representative images are shown. Scale bars are 100 µm. Data are presented as mean ± SD (**a**, **b**). \**P* \< 0.05, \*\*\**P* \< 0.001

Establishment of distinct pancreatic cancer cell lines from each mouse tumor model {#Sec4}
----------------------------------------------------------------------------------

To investigate the characteristics of pancreatic cancer cells that interacted with the tumor microenvironments, distinct cancer cell lines were established with these mouse tumor models using serial transplantations (Fig. [2a](#Fig2){ref-type="fig"}). Cancer cells were obtained from primary tumors in the subcutaneous or orthotopic tumor model mice injected with parental SUIT-2 and Panc-1 cells, and then subjected to secondary transplantation. By performing three serial transplantations, the cancer cell lines were exposed to the pancreatic or subcutaneous microenvironment for a certain period. Elimination of host-derived fibroblasts was confirmed by the presence of GFP expression in the cancer cells (Fig. [2b](#Fig2){ref-type="fig"} and Supplementary Fig. [S1](#MOESM2){ref-type="media"}).Fig. 2Establishment of distinct pancreatic cancer cell lines using mouse tumor models. **a** Scheme of establishment of cancer cell lines using subcutaneous (left) and orthotopic tumor models (right). SUIT-2 cells were inoculated into subcutaneous tissue or the pancreas, and the primary tumor was excised. These processes were repeated three times. After three serial transplantations, distinct cell lines were established. The models of inoculation, the names of established cells, and the derived tissues are shown. **b** Expression of GFP in the SUIT-2-3P\#1 cells was determined by fluorescence microscopy. Scale bars are 50 µm. **c** Colony formation assay of parental SUIT-2 cells and established cell lines. Cells were cultured in soft agar for 8 d. Representative image (left) and the number of colonies (diameter \> 20 μm; right) are shown. Scale bars are 100 µm. **d**, **e** Tumor-forming ability of parental SUIT-2 cells and established cell lines. An equal number of cells was inoculated into subcutaneous tissue (**d**) or the pancreas (**e**). One month after inoculation, the primary tumor was excised (top) and tumor weight was measured (bottom). **f**, **g** Tumor-forming ability of established cell lines. Parental SUIT-2 cells and established cell lines (**f**) or parental Panc-1 cells and established cell lines (**g**) were inoculated into the pancreas. One month after inoculation, the primary tumor was excised. Image of primary tumors is shown. Data are presented as mean + SEM (**c**) and mean ± SD (**d**, **e**), respectively. \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001, n.s., not significant

To maintain heterogeneity during serial transplantation procedures, cells obtained from two or three independent primary tumors were mixed, and inoculated into mice. We established more than two cell lines from each tumor model (\#1, \#2, etc.), and termed them as follows: SUIT-2-3P and Panc-1-3P cells from primary tumors in the orthotopic tumor model, SUIT-2-3L cells from metastatic lung tumors in the orthotopic tumor model, Panc-1-3Liv cells from metastatic liver tumors in the orthotopic tumor model, and SUIT-2-3sc cells from primary tumors in the subcutaneous tumor model (Fig. [2a](#Fig2){ref-type="fig"}). To determine whether the cancer cell lines established exhibited high malignant potential, their tumor-forming ability was examined. Colony formation assay revealed that SUIT-2-3P cells and SUIT-2-3L cells formed larger colonies than the parental SUIT-2 cells and SUIT-2-3sc cells (Fig. [2c](#Fig2){ref-type="fig"}). Moreover, when these cells were inoculated into mice, SUIT-2-3P cells exhibited the highest tumorigenic ability in the subcutaneous and orthotopic tumor models (Figs. [2d,e](#Fig2){ref-type="fig"}). The tumorigenic ability of SUIT-2-3L cells was similar to that of SUIT-2-3P cells in vivo (Fig. [2f](#Fig2){ref-type="fig"}). Similarly, Panc-1-3P and Panc-1-3Liv cells had higher tumorigenic ability in vivo than the parental Panc-1 cells (Fig. [2g](#Fig2){ref-type="fig"}). These results suggested that the pancreatic cancer cells, which interacted with the pancreatic microenvironment, but not with the ectopic microenvironment, acquired high malignant potential.

Characterization of the highly malignant pancreatic cancer cell lines {#Sec5}
---------------------------------------------------------------------

Characteristics of the 3sc and 3P cell lines from each pancreatic cancer cell were further investigated. The proliferative ability in cell culture did not significantly differ between the two cell lines and the parental SUIT-2 cells (Fig. [3a](#Fig3){ref-type="fig"}). The proliferative ability of Panc-1-3P cells and Panc-1-3Liv cells also did not differ from that of parental Panc-1 cells in cell culture (Supplementary Fig. [S2A](#MOESM2){ref-type="media"}). However, microscopic examination revealed that the half of parental SUIT-2 cells were round-shaped cells, whereas the population of spindle-shaped cells increased in SUIT-2-3P and SUIT-2-3L cells (Fig. [3b](#Fig3){ref-type="fig"}). In addition, decrease in E-cadherin expression, a representative marker of the epithelial phenotype, was observed at mRNA and protein levels in SUIT-2-3P and SUIT-2-3L cells, but not in SUIT-2-3sc cells (Figs. [3c,d](#Fig3){ref-type="fig"}). Increased adhesive ability and cell motility were observed in SUIT-2-3P and SUIT-2-3L cells (Figs. [3e,f](#Fig3){ref-type="fig"}). Highly malignant cancer cell lines derived from Panc-1 were also characterized. In accordance with the results in SUIT-2 cells, the morphological features of Panc-1-3P cells differed from those of parental Panc-1 cells, and low E-cadherin expression was also observed in Panc-1-3P and Panc-1-3Liv cells (Supplementary Fig. [S2B--D](#MOESM2){ref-type="media"}). These findings suggest that pancreatic cancer cells underwent epithelial--mesenchymal transition (EMT) and obtained invasive ability through interactions with the pancreatic microenvironment.Fig. 3Characterization of highly malignant cancer cell lines derived from SUIT-2 cells. **a** Cell proliferation assay of the cell lines derived from SUIT-2 cells. Cells were seeded into 96-well plates and cultured for 2--4 d. Relative absorbance (450--595 nm) at the indicated days is shown. **b** Morphological features of the cell lines derived from SUIT-2 cells. Scale bars are 50 µm. **c**, **d** Expression of E-cadherin in the cell lines derived from SUIT-2 cells. Expression levels of *CDH1* mRNA and amounts of E-cadherin protein were determined by qRT-PCR analysis (**c**) and immunoblotting (**d**), respectively. **e** Adhesion assay of the cell lines derived from SUIT-2 cells. Cells were seeded into fibronectin-coated 96-well plates under the FBS-free conditions and cultured for 30 min. The images of adhered cells (left) and the absorbance at 570 nm (right) are shown. **f** Chamber migration assay of the cell lines derived from SUIT-2 cells. Cells were seeded into the chamber and incubated for 24 h. The representative images (left) and the number of migrated cells (right) are shown. Scale bars are 100 µm. Data are presented as mean (duplicate; **c**) and mean ± SD (**e**, **f**), respectively. \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001, n.s., not significant

Gene signature of pancreatic cancer cell lines derived from mouse tumor models {#Sec6}
------------------------------------------------------------------------------

Gene expression in cell lines established from SUIT-2 cells and Panc-1 cells was profiled using RNA-sequence (RNA-seq) analysis. The gene expression signatures highly differed between SUIT-2-3sc cells and SUIT-2-3P cells (Fig. [4a](#Fig4){ref-type="fig"}). Clustering analysis showed that the profiles of parental SUIT-2 cells were similar to those of SUIT-2-3sc, SUIT-2-3P, and SUIT-2-3L cells in that order (Fig. [4a](#Fig4){ref-type="fig"}). The number of upregulated or downregulated genes specific to SUIT-2-3P cells was higher than that for SUIT-2-3sc cells (Fig. [4b](#Fig4){ref-type="fig"}). Among them, 94 genes were upregulated and 34 genes were downregulated in both SUIT-2-3P and SUIT-2-3sc cells. Biological processes extracted from this analysis revealed that distinct pathways were activated in each cell line. Pathways associated with ECM disassembly or collagen catabolic processes were commonly activated in SUIT-2-3P and SUIT-2-3sc cells, whereas pathways associated with stem cell development or axon guidance were activated specifically in SUIT-2-3P cells (Fig. [4c](#Fig4){ref-type="fig"}, see Supplementary Table [S1](#MOESM1){ref-type="media"}). Clustering analysis of the cell lines derived from Panc-1 cells also showed that expression patterns in Panc-1-3Liv and Panc-1-3P cells highly differed from those in the parental Panc-1 cells (Fig. [4d](#Fig4){ref-type="fig"}). Similar results with SUIT-2-3P cells were obtained for ontology analysis of the activated pathways of Panc-1-3P cells (Fig. [4e](#Fig4){ref-type="fig"}, see Supplementary Table [S2](#MOESM1){ref-type="media"}). These data suggested that different biological pathways were activated in each microenvironment, which may result in the acquisition of malignant traits of each cell line. The genes that were highly expressed in established cell lines can be categorized into three groups as shown in Fig. [4f](#Fig4){ref-type="fig"}. The genes in the first group, including matrix metalloproteinase-2 (*MMP2*), were expressed in SUIT-2-3P, SUIT-2-3L, and SUIT-2-3sc cells. The genes in the second group, including ATP-binding cassette subfamily G member 2 (*ABCG2*), were highly expressed only in SUIT-2-3P or SUIT-2-3L cells. The genes in the third group, including keratin-5 (*KRT5*), were highly expressed specifically in SUIT-2-3sc cells. Considering the previous data that SUIT-2-3P and SUIT-2-3L cells showed the highest malignant phenotype, the genes in the second group may be important for pancreatic cancer progression.Fig. 4Gene expression profiles of pancreatic cancer cell lines. **a** Gene expression profiles of the cells lines derived from SUIT-2 cells using RNA-seq analysis. The result of the cluster analysis is shown by a dendrogram. **b** Number of upregulated and downregulated genes (left and right, respectively). The genes were purified as follows: upregulated genes: the fragments per kilobase of exon per million mapped sequence reads (FPKM) in SUIT-2-3P cells or SUIT-2-3sc cells were \>3 and increased more than threefold, compared to the FPKM in parental SUIT-2; downregulated genes: the FPKM in parental SUIT-2 were \>3 and decreased more than twofold, compared to the FPKM in SUIT-2-3P cells or SUIT-2-3sc cells. **c** Gene ontology analysis of upregulated genes in (**b**). Biological processes activated in both SUIT-2-3P and SUIT-2-3sc cells (top) and specifically in SUIT-2-3P cells (bottom) are shown. *P*-values for comparison between parental SUIT-2 and SUIT-2-3P cells are shown. **d** Gene expression profiles of the cell lines derived from Panc-1 cells obtained by RNA-seq analyses. The result of the cluster analysis is shown by a dendrogram. **e** Gene ontology analysis of upregulated genes in Panc-1 cells. Biological processes activated in Panc-1-3P cells are shown. *P*-values for comparison between parental Panc-1 and Panc-1-3P cells are shown. **f** Three patterns for upregulation of gene expression in each cancer cell line. Expression levels of *MMP2*, *ABCG2*, and *KRT5* mRNA were determined by qRT-PCR analysis. Data are presented as mean (duplicate; **f**)

Roles of Nestin in pancreatic cancer progression {#Sec7}
------------------------------------------------

Gene ontology analyses showed that biological processes related to stem cell development or proliferation were activated specifically in the cell lines derived from the orthotopic models of SUIT-2 and Panc-1 (Figs. [4c,e](#Fig4){ref-type="fig"}). Specifically, RNA-seq analysis demonstrated that the expression of some stem cell markers increased, including *CD24* in the cell lines from SUIT-2 and sex-determining region Y (SRY)-box 2 (*SOX2*) in the cell lines from Panc-1 (Supplementary Fig. [S3A and B](#MOESM2){ref-type="media"}).

Among them, we focused on Nestin, a type VI intermediate filament that is expressed in central neurons \[[@CR15]\]. Amplification of the *NES* gene has been reported in \~17% of clinical specimens of pancreatic cancer \[[@CR16]\]. Highly malignant cancer cell lines were also established from other pancreatic cancer cells (MiaPACA-2 and BxPC3) through serial transplantations with the orthotopic model, as described in Fig. [2a](#Fig2){ref-type="fig"}. Elevated expression of *NES* mRNA was also observed in these cell lines in quantitative real-time reverse transcription-PCR (qRT-PCR) analysis (Fig. [5a](#Fig5){ref-type="fig"}). Immunoblot and immunocytochemical analyses demonstrated that the amounts of Nestin protein increased in cells obtained from the orthotopic tumor models (Figs. [5b--d](#Fig5){ref-type="fig"} and Supplementary Fig. [S3C and D](#MOESM2){ref-type="media"}). In addition, the number of living cells in 3P cells decreased when the expression of Nestin was silenced with small interfering RNAs (siRNAs; Figs. [5e--h](#Fig5){ref-type="fig"}). These observations suggest that the genes that were highly expressed specifically in cell lines from the orthotopic tumor model may be new targets for treatment or serve as biomarkers for pancreatic cancer.Fig. 5Role of Nestin in highly malignant pancreatic cancer cell lines. **a** Expression of *NES* mRNA in the cell lines derived from human pancreatic cancer cell lines was determined by qRT-PCR analysis. **b**, **c** Expression of Nestin protein in the cell lines derived from SUIT-2 cells (**b**) and Panc-1 cells (**c**) was determined by immunoblotting. **d** Expression of Nestin protein in parental SUIT-2 and SUIT-2-3P\#2 cells was determined by immunocytochemistry. Enlarged pictures of the middle panels are also shown in the right panels. Scale bars are 100 µm. **e** Expression of Nestin in SUIT-2-3P\#2 cells upon treatment with control or Nestin siRNAs. Cells were transfected with control siRNA or siRNAs targeting Nestin. Forty-eight hours after transfection, the expression of Nestin protein was determined by immunoblotting. **f** Cell proliferation assay of the SUIT-2-3P\#2 cells. Cell number was counted 6 d after the transfection of siRNAs. Representative images (left) and the number of living cells (right) are shown. Scale bars are 200 µm. **g** Expression of Nestin in Panc-1-3P\#2 cells. Cells were transfected with control siRNA or siRNAs targeting Nestin. Forty-eight hours after transfection, expression of Nestin protein was determined by immunoblotting. **h** Survival of the Panc-1-3P\#2 cells. Cell number was counted 6 d after the transfection of siRNAs. Representative images (left) and the number of living cells (right) are shown. Scale bars are 200 µm. Data are presented as mean (duplicate; **a**) and mean ± SD (**f**, **h**), respectively. \**P* \< 0.05, \*\**P* \< 0.01

Mechanisms underlying the development of highly malignant cancer cell lines in the pancreatic microenvironment {#Sec8}
--------------------------------------------------------------------------------------------------------------

We investigated the mechanisms underlying the development of highly malignant cancer cell lines in the pancreatic microenvironment. Two hypotheses may be involved: small fractions of highly malignant cancer cells within parental cancer cells adapted to the pancreatic microenvironment ("selection" process), and the characteristics of parental cancer cells were altered through interaction with the pancreatic microenvironment ("education" process). As shown in Figs. [1a,b](#Fig1){ref-type="fig"}, the incidence of tumor formation in primary and metastatic sites differed between the orthotopic and subcutaneous models.

To investigate whether cellular heterogeneity exists in primary tumors, several cell clones were isolated from parental SUIT-2 cells. Although some clones, such as clones 2 and 13, had round-shaped cells, similar to parental SUIT-2 cells, clones 10 and 22 had spindle-shaped cells, similar to SUIT-2-3P cells (Fig. [6a](#Fig6){ref-type="fig"}). Moreover, qRT-PCR and immunoblot analyses revealed that expression levels of E-cadherin varied in each clone from parental SUIT-2 cells; clones 2, 11, 13, and 21 expressed similar or elevated levels of E-cadherin compared to parental SUIT-2 cells, while clones 10, 16, and 22 exhibited decreased levels of E-cadherin, like SUIT-2-3P cells (Figs. [6b,c](#Fig6){ref-type="fig"}). These results suggested that cellular heterogeneity was present in parental SUIT-2 cells, and that certain clones, such as clones 10 and 22, might have become a dominant population through the selection process in the pancreatic environment. However, when each clone was applied to the orthotopic tumor model, all the four clones tested exhibited tumor-forming ability, similar to parental SUIT-2 cells, in vivo (Fig. [6d](#Fig6){ref-type="fig"}). These observations suggested that the education process was associated with the formation of primary tumors and acquisition of highly malignant traits.Fig. 6Mechanisms of acquisition of the malignant phenotype in vivo. **a** Morphological features of clones isolated from parental SUIT-2 cells. Scale bars are 50 µm. **b**, **c** Expression of E-cadherin in the clones from SUIT-2 cells. Expression of *CDH1* mRNA and that of E-cadherin protein were determined by qRT-PCR analysis (**b**) and immunoblotting (**c**), respectively. **d** Tumor-forming ability of the clones isolated from SUIT-2 cells. An equal number of each clone from parental SUIT-2 cells was inoculated into the pancreas. One month after inoculation, the primary tumor was excised (left) and tumor weight was measured (right). **e** Morphological features of the 3P cells from each clone. The clone-3P cells were established from each clone with three cycles of orthotopic inoculation. Representative images are shown. Scale bars are 50 µm. **f** Expression levels of E-cadherin, MMP2, and Nestin in the SUIT-2 clones and 3P clones were determined by qRT-PCR analysis. Data are presented as mean (duplicate; **b**,**f**) and mean ± SD (**d**), respectively. \*\*\*\**P* \< 0.0001, n.s., not significant

To determine whether the characteristics of the clonal cells growing in vivo were altered, each clone (clones 2, 10, 13, and 22) was subjected to serial orthotopic transplantations by the same strategy as shown in Fig. [2a](#Fig2){ref-type="fig"}. Tumorigenicity of each cell clone was enhanced through serial transplantations (Supplementary Fig. [S4](#MOESM2){ref-type="media"}), suggesting that clone cells could acquire the malignant trait through the interaction with orthotopic environment. Morphological features of the clone-derived 3P cells were distinct from those of the corresponding parental clone (Figs. [6a,e](#Fig6){ref-type="fig"}). In particular, the population of spindle-shaped cells in clones 2-3P and 13-3P cells was higher than that in the parental clonal cells. Although the expression levels of E-cadherin in clones 2, 10, and 22 were not downregulated, or even upregulated, clone 13 showed decreased E-cadherin expression after the serial orthotopic transplantations (Fig. [6f](#Fig6){ref-type="fig"}). In addition, the expression of *MMP2* and *NES* in each clone often increased after serial transplantations (Fig. [6f](#Fig6){ref-type="fig"}). The gene expression profiles in the clone-derived 3P cells were distinct from those in parental clones, suggesting that these alterations were attributed to the education process, but not to the selection process.

Discussion {#Sec9}
==========

To identify the key molecules responsible for cancer progression, highly malignant cancer cell lines were established from tumor tissues using mouse tumor models, and their characteristics were analyzed \[[@CR17], [@CR18]\]. In the present study, highly malignant pancreatic cancer cell lines, that is, 3P cells, were obtained from primary tumors in the pancreatic orthotopic tumor model. We then applied the high-throughput RNA-seq approach for characterization of the 3P cells and focused on the function of Nestin in these cells. Previous reports have demonstrated that expression of Nestin was elevated by epigenetic modifications or miRNA-mediated regulatory mechanisms and that it was correlated with poor prognosis in patients with various types of cancers \[[@CR19]--[@CR24]\]. Other studies showed that the depletion of Nestin induced spontaneous DNA damage accumulation, delayed DNA damage repair, and enhanced sensitivity to ionizing radiation in nasopharyngeal carcinoma \[[@CR24]\]. Since Nestin acts as a signaling scaffold for the cyclin-dependent kinase 5 (Cdk5)/p35 complex and protects from oxidative stress-induced apoptosis by negative regulation of Cdk5 and p35, a cytoprotective function of Nestin has also been found in neural progenitor cells \[[@CR25]\]. In addition, Nestin has been regarded as a cancer stem cell (CSC) marker \[[@CR15]\]. Nestin promotes survival of CSCs through the Wnt/β-catenin pathway, and silencing of *NES* expression induces cell cycle arrest and promotes apoptosis of breast CSCs \[[@CR26]\]. Previous studies on pancreatic cancer have shown that knockdown of Nestin with siRNA suppressed tumor progression in Panc-1-xenografted mice \[[@CR23]\]. These observations are consistent with our results, suggesting that analysis of highly expressed genes in cancer cells obtained from mouse orthotopic tumor models may provide an attractive screening system for identification of potential targets of cancer therapy.

We also partially elucidated the mechanism underlying the generation of highly malignant cancer cell lines in vivo. We hypothesized that two processes are important for the development of highly malignant cancer cells, that is, the selection and education processes. In the selection process, certain populations within cancer cells become dominant under selective pressures, including the host immune response, proliferative or survival ability of cancer cells, physiological restraints, and cancer therapy \[[@CR27]\], which may account for the "seed and soil" theory originally documented by Stephen Paget \[[@CR28]\]. In the present study, we showed that parental SUIT-2 cells were heterogeneous in morphological features and E-cadherin expression (Figs. [6a--c](#Fig6){ref-type="fig"}). Yachida et al. reported that primary pancreatic tumors contained various subclones, parts of which had metastatic ability \[[@CR29]\]. In addition, a previous report demonstrated that CD133^+^CXCR4^+^ subpopulation determined tumor growth and metastatic ability \[[@CR30]\]. These data support the idea that the selection process might be responsible for the emergence of highly malignant cancer cells in vivo.

Although a limited number of clones were investigated in this study, none of the cell clones from parental SUIT-2 cells exhibited high tumor-forming ability compared to that of the SUIT-2-3P cells (Fig. [6d](#Fig6){ref-type="fig"}), suggesting that the education process was involved in tumorigenesis in vivo. Functional diversity within cancer cells is present during the proliferation of clone-originated cancer cells \[[@CR31]\]. In the present study, we showed that the gene expression profiles in parental cells changed after serial transplantations in vivo, and these results were reproduced by the transplantations of the cloned cells (Figs. [4](#Fig4){ref-type="fig"} and [6f](#Fig6){ref-type="fig"}). These observations suggested that the functional diversity of cancer cells was induced by their interactions with the tumor microenvironment in our experimental model. It is considered that this functional diversity of cancer cells is not attributable to gene mutations but is due to epigenetic regulation of DNA and histones, or to modifications in protein production or degradation \[[@CR32]\]. In addition, Takeda et al. showed that the immune response induced genetic instability in cancer cells, which might contribute to cancer immunoediting \[[@CR33]\]. These reports indicate that the education process is another important process enabling cancer cells to acquire malignant properties in vivo. Since the morphological features and gene expression profiles of the 3P cells appeared to be conserved during in vitro cell culture, some underlying mechanisms, including epigenetic modification, may be involved in fixation of the malignant traits of 3P cells during the education process.

In the present study, RNA-seq analysis revealed that the 3P cells possessed a stem cell-like phenotype (Figs. [4c,e](#Fig4){ref-type="fig"}). Since the CSC theory is essentially based on the heterogeneity within cancer cells, the selection process might account for the formation of 3P cells \[[@CR34]\]. However, recent studies indicated that more malignant CSC cells emerged during cancer progression rather than initially existed in tumor tissues \[[@CR34]\]. In addition, several studies showed that cancer cells that have undergone EMT obtained a CSC-like phenotype \[[@CR35]\]. Our data also showed that parental cells obtained the mesenchymal phenotype as well as the CSC-like phenotype in the pancreatic microenvironment. We thus conclude that the establishment of 3P cells is attributed to not only the selection but also the education process, and that the pancreatic microenvironment is favorable for the maintenance of a CSC-like phenotype (Fig. [7](#Fig7){ref-type="fig"}).Fig. 7Tumor microenvironment determines the characteristics of pancreatic cancer cells through the selection and education processes. Two hypotheses for the acquisition of highly malignant characteristics in the tumor microenvironment ("selection" and "education") and a working model for the current pancreatic tumor model are shown. **a** In the selection model, only highly malignant cancer clones can survive and adapt to the surrounding microenvironment. They become dominant during progression. **b** In the education model, many clones might have the potential to acquire the malignant phenotype by interactions with the tumor microenvironment. The phenotype of each clone is altered during progression and shows highly malignant characteristics. **c** In the current pancreatic tumor model, both selection and education processes appear to be involved in the acquisition of malignant characteristics

Materials and methods {#Sec10}
=====================

Cell culture {#Sec11}
------------

The human pancreatic adenocarcinoma cell lines SUIT-2 (Japanese Cancer Research Resource Bank) and Panc-1 (American Type Culture Collection) were maintained in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum (FBS), 50 U/ml penicillin, and 50 μg/ml streptomycin, as previously described \[[@CR36], [@CR37]\].

Establishment of stable transfectants expressing firefly luciferase and GFP with the lentiviral expression system {#Sec12}
-----------------------------------------------------------------------------------------------------------------

Firefly luciferase and GFP were introduced into pancreatic cancer cells by infection of lentiviral vectors. The lentiviral expression system was kindly provided by Dr. Hiroyuki Miyoshi (Keio University) as previously described \[[@CR38]\]. To prepare an expression vector construct, the firefly luciferase gene (originated from pGL4.10; Promega) was inserted into the entry vector pENTR201. Recombination between pENTR201 and the destination vector CSII-CMV-RfA was performed with Gateway LR Clonase II enzyme (Invitrogen). For the production of lentiviral vectors, 293FT cells (Invitrogen) were transfected with an expression vector construct (CS-CDF-CG-PRE and CSII-CMV-Luc2), a VSV-G- and Rev-expressing construct (pCMV-VSV-G-RSV-Rev), and a packaging vector construct (pCAG-HIVgp). The culture supernatants containing lentiviral particles were collected and concentrated with Lenti-X Concentrator (Clontech).

Cell proliferation assay {#Sec13}
------------------------

Cells were seeded into 96-well plates and cultured for 2--4 d. At the indicated days after seeding, the number of living cells was determined with Cell Count Reagent SF (Nacalai Tesque). Absorbance at 450 nm was measured using a multiplate reader (Bio-Rad), followed by subtraction of the reference absorbance at 595 nm. For assays of the cells transfected with siRNAs, cells were stained with trypan blue, and non-stained cells were counted.

Colony formation assay {#Sec14}
----------------------

Colony formation assay was performed as previously described \[[@CR36]\]. Cells were seeded in 0.33% agar in 12-well plates and cultured for 8--11 d (4000 cells/well). The colonies (diameter \> 20 μm) were counted with the Cellsens Standard software (Olympus).

Adhesion assay {#Sec15}
--------------

The surface of 96-well plates (0.5 μg/well) was coated with fibronectin (Wako Pure Chemicals) and blocked with 0.1% bovine serum albumin. Cancer cells in FBS-free medium were seeded and incubated in FBS-free medium for 30 min. Floating cells were washed with phosphate-buffered saline (PBS); then, the attached cells were fixed and stained with crystal violet. Stained cells were extracted with 33% acetic acid, and the absorbance at 570 nm was measured using a multiplate reader.

Chamber migration assay {#Sec16}
-----------------------

Cells were seeded into the upper chamber (pore size, 8 μm; Corning) of 12-well plates (1 × 10^5^ cells/chamber). After 24-h incubation, the cells were fixed and stained with crystal violet. The number of migrated cells was counted under a microscope.

Immunoblotting {#Sec17}
--------------

Cells were lysed in cell lysis buffer (1% Nonidet P-40, 150 mM NaCl, and 20 mM Tris HCl). Proteins were applied to SDS-polyacrylamide gel electrophoresis and transferred to a membrane as previously described \[[@CR38]\]. Anti-α-tubulin antibody (T9026; Sigma-Aldrich), anti-E-cadherin antibody (610181; BD), and anti-Nestin antibody (10C2 (MAB5326); Millipore) were used.

RNA isolation and qRT-PCR analysis {#Sec18}
----------------------------------

RNA isolation and qRT-PCR analysis were performed as previously described \[[@CR36]\]. Briefly, total RNA was extracted using Isogen (Nippon Gene), and cDNA was synthesized using the PrimeScript II 1st strand cDNA synthesis kit (Takara). qRT-PCR analysis was performed with the Step One Plus Real time-PCR System and FastStart Universal SYBR Green Master with ROX (Roche Diagnostics). The expression levels of genes were normalized to that of hypoxanthine-guanine phosphoribosyltransferase 1 (*HPRT1*). Primer sequences are shown in Supplementary Table [S3](#MOESM2){ref-type="media"}.

Mouse tumor models {#Sec19}
------------------

BALB/c-*nu/nu* (nude) mice (age, 6 weeks, female) were purchased from CLEA Japan Inc. All experiments were approved by and carried out according to the guidelines of the Animal Care and the Use Committee of the Graduate School of Medicine, The University of Tokyo. In the orthotopic tumor model, the pancreas was surgically exposed through an abdominal excision under anesthesia with intraperitoneal injection (i.p.) of avertin (25 g of 2,2,2-tribromoethanol (Sigma-Aldrich) with 15.5 ml of 2-methyl-2-butanol (Sigma-Aldrich); 0.02 ml/g in Hank's buffered salt solution (HBSS)). Human pancreatic cancer cells were inoculated directly into the pancreas in BALB/c-*nu/nu* mice (age, 6 weeks, female) using a 29 G needle (SUIT-2: 2.5 × 10^5^ cells/50 μl HBSS/ mouse, Panc-1: 5 × 10^5^ cells/50 μl HBSS/mouse) without any supplements. Bleeding was stopped by the pressure with cotton swab immediately after inoculation. After being confirmed that cancer cells did not leak out from the pancreas, excision was closed. In the subcutaneous tumor model, mice were anesthetized with inhalation of isoflurane, and subcutaneously inoculated with human pancreatic cancer cells using a 29 G needle (SUIT-2: 2.5 × 10^5^ cells/50 μl HBSS/mouse, Panc-1: 5 × 10^5^ cells/50 μl HBSS/mouse).

In vivo bioluminescence imaging {#Sec20}
-------------------------------

After the mice were anesthetized with avertin, D-luciferin potassium salt was injected (200 mg/kg in PBS, i.p.; Promega). Ten to fifteen minutes after luciferin injection, intensity of the bioluminescence signal was measured for 1--60 s once a week using the Night OWL II LB983 system (Berthold Technologies). Imaging analyses were performed with the IndiGO2 software (Berthold Technologies). All values are shown as photons per second.

RNA-seq analysis {#Sec21}
----------------

RNA-seq analysis was performed with Ion Proton, Ion PI Template OT2 200 Kit v3, and Ion PI sequencing 200 Kit v3 (Thermo Fisher Scientific) as previously described \[[@CR39]\]. Total RNA was extracted using the RNeasy Mini Kit (Qiagen), and genomic DNA was removed by the RNase-Free DNase Set (Qiagen). mRNA was extracted from 10 μg total RNA using the Dynabeads mRNA DIRECT Micro Kit (Life Technologies) according to the kit protocol. Fragmentation of mRNA, adaptor accession, reverse transcription, amplification, and establishment of cDNA libraries were conducted with the Ion Total RNA-Seq Kit v2 (Thermo Fisher Scientific). Sequenced reads were aligned to the human reference sequence with Tophat2. Gene expression was calculated using the Cuffdiff function of Cufflinks. Heat map of gene expression was drawn with TM4 Mev. Gene ontology analyses were performed with the CLC Genomics Workbench (Qiagen). Raw and processed data are available at GEO (GSE107960).

Histological examination {#Sec22}
------------------------

Histological examination was performed as previously described \[[@CR40]\]. Briefly, samples were fixed with 10% formalin (Mildform, Wako Pure Chemicals), embedded in paraffin, and subjected to hematoxylin and eosin staining and Azan staining.

RNA interference {#Sec23}
----------------

Stealth siRNAs against human Nestin (siNES\#1 and siNES\#2) and control siRNA (siNTC, Invitrogen) were used at a final concentration of 20 nM with Lipofectamine RNAiMax Reagent (Invitrogen) as previously described \[[@CR41]\]. The siRNA sequences against human Nestin were 5'-CCACUCCAGUUUAGAGGCUAAGGAU-3' (siNES\#1) and 5'-CAGCCUUUCUUAAGAACCAAGAAUU-3' (siNES\#2).

Immunocytochemistry {#Sec24}
-------------------

Cells were fixed with 4% formaldehyde solution and permeabilized with 0.1% Triton X-100. The cells were stained with anti-Nestin antibody (10C2; 1:400--800, Merck Millipore). Stained cells were visualized using anti-mouse IgG H&L (Alexa Fluor 594; Invitrogen) and DAPI (Vector Laboratories Inc.). Images were captured with the All-in-One Fluorescence Microscope BZ-X710 (Keyence).

Statistical analysis {#Sec25}
--------------------

Student's *t-*test and unpaired *t*-test with Welch's correction were used to compare two groups. Tukey's test was used for multiple comparisons of the data with GraphPad Prism (GraphPad Software). Significant differences were defined as *P* \< 0.05.
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